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Abstract A three-dimensional (3D) Eulerian two-fluid
model with an in-house code was developed to simulate the
gas-particle two-phase flow in the fluidized bed reactors.
The CO2 capture with Ca-based sorbents in the steam
methane reforming (SMR) process was studied with such
model combined with the reaction kinetics. The sorption-
enhanced steam methane reforming (SE-SMR) process,
i.e., the integration of the process of SMR and the
adsorption of CO2, was carried out in a bubbling fluidized
bed reactor. The very high production of hydrogen in SE-
SMR was obtained compared with the standard SMR
process. The hydrogen molar fraction in gas phase was near
the equilibrium. The breakthrough of the sorbent and the
variation of the composition in the breakthrough period
were studied. The effects of inlet gas superficial velocity
and steam-to-carbon ratio (mass ratio of steam to methane
in the inlet gas phase) on the reactions were studied. The
simulated results are in agreement with the experimental
results presented by Johnsen et al. (2006a, Chem Eng Sci
61:1195–1202).
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List of symbols
Variables
Cp,k Specific heat capacity of phase k [J/(kg K)]
CsCO2 CO2 mass fraction in sorbent
dp Particle diameter [m]
Dji Binary diffusion coefficient [m
2/s]
Dk,j Diffusion coefficient for component j in
phase k [m2/s]
HRi Specific reaction enthalpy for reaction
i (R = SMR, SP) [J/kg]
Ht Height of reactor [m]
k Rate coefficient
kk Thermal conductivity of phase k [W/(m K)]
K1, K2, K3 Equilibrium constant
KY Adsorption constants for component Y
(Y = CH4, CO2, H2, H2O)
M Molar mass [kg/kmol]
n Reaction order of CO2 adsorption
p Pressure [Pa]
Qik Interfacial heat transfer to phase k [J/(m
3 s)]
r Radius coordinate
R Radius of reactor [m]
Ra Adsorption rate of CO2 in sorbent [kg/(kg s)]
Ri Reaction rate of reaction i [kmol/(m
3 s)]
Rj Formation rate of component j [kg/(m
3 s)]
rsc Mass ratio of steam to methane in the inlet
gas phase




u0 Inlet gas superficial velocity [m/s]
X Conversion
ydry Dry molar fraction in gas phase
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Cd Peculiar velocity [m/s]
g Gravity [m/s2]
Mk Interfacial momentum transfer of phase k
[N/m3]
rm Residual vector
~v0c Fluctuating component of fluid velocity [m/s]
vk Velocity of phase k [m/s]
Greeks
ak Volume fraction of phase k (k = c, d)
b Interfacial drag coefficient [kg/(m3 s)]
c Collisional energy dissipation [J/(m3 s)]
e Convergence criterion
jd Conductivity of granular temperature [kg/(m s)]
lk Viscosity of phase k [kg/(m s)]
qk Density of phase k [kg/m
3]
sk Stress tensor of phase k [N/m
2]
x Mass fraction
C Averaged interfacial mass flux [kg/(m3 s)]






SMR Steam methane reforming








k Phase (k = c, d)
p Particle
Introduction
Hydrogen is an important material in the petroleum and
chemical industries, and is considered to be a potential
clean energy source. Hydrogen production from biomass is
being studied by many authors (Bleeker et al. 2010; Elms
and El-Halwagi 2010; Rivera-Tinoco and Bouallou 2010).
However, hydrogen is still predominantly produced from
fossil fuels, such as the steam methane reforming process
(SMR) which produces hydrogen with by-product CO2.
With the increasing impact of global warming caused
mostly by increasing concentrations of greenhouse gases,
the emission control of CO2 as the most important green-
house gas was concerned by many researchers. The process
of sorption-enhanced steam methane reforming (SE-SMR)
is becoming an important topic due to its integration of
hydrogen production and CO2 separation. In this process,
carbon dioxide is captured by an on-line sorbent, and the
chemical equilibrium is shifted to the product side of the
SMR reaction. Therefore, the higher hydrogen production
may be obtained (Han and Harrison 1994). The sorbent
with the adsorbed carbon dioxide can be regenerated using
the temperature or pressure swing desorption to release the
CO2 for storage or other treatment. The SE-SMR reactions
can proceed at temperatures of about 200C lower than that
for standard SMR process (Hufton et al. 1999). Amann
et al. (2009) studied the CO2 pre-combustion capture in a
natural gas combined cycle power plant. De Castro et al.
(2010) studied the hydrogen production by the auto-ther-
mal reforming process coupled with the CO2 capture and
obtained 99% hydrogen products.
The experimental and theoretical studies on the SE-SMR
process have been reported. The experimental results of CaO
carbonation in a pilot-scale fluidized bed reactor by Aba-
nades et al. (2004a, b) showed that high CO2 capture effi-
ciencies from combustion flue gas are obtained in a fluidized
bed. Hughes et al. (2004) investigated cyclic carbonation and
calcination reactions for CO2 capture from combustion and
gasification processes. Their approach may reduce the CO2
emissions from coal- and petroleum coke-fired fluidized bed
combustors by up to 85%. Johnsen et al. (2006a) conducted
an experimental investigation on reforming and sorbent
calcination in cyclic operation in a bubbling fluidized bed
reactor. Wang et al. (2010) proposed a method for determi-
nation of the long-term sorbent activity and greatly reduced
the experimental work for evaluation of hydrogen produc-
tion and CaO-based CO2 capture sorbent development.
Prasad and Elnashaie (2004) proposed a circulating
fluidized bed membrane reactor for SMR with CO2
sequestration using the CO2-lime reaction and studied the
reactor performance with a one-dimensional (1D) model.
Johnsen et al. (2006b) modeled the SE-SMR and sorbent
regeneration processes conducted continuously in two
coupled bubbling beds with a homogeneous model. Li and
Cai (2007) made a simulation of multiple cycles for SE-
SMR and sorbent regeneration in a fixed bed reactor.
Lindborg and Jakobsen (2009) studied the process perfor-
mance and analyzed the reactor design for SE-SMR in a
bubbling fluidized bed reactor using a two-dimensional
(2D) model and pointed out that investigations of SE-SMR
process using a three-dimensional (3D) multi-fluid model
are needed.
A 3D two-fluid model was developed in this study.
Moreover, an in-house program code for the numerical
solution of the model has been written by the authors. The
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performances of the SE-SMR process and the CaO sorbent
in the fluidized bed reactors were studied using the
developed 3D model implemented in the program code.
Numerical models
Hydrodynamic models
A 3D non-axisymmetric two-fluid model has been devel-
oped for the simulation of the SE-SMR process in fluidized
bed reactors. The kinetic theory of granular flow and the
k-e turbulence model are used to describe the particle–
particle interactions and the gas phase turbulence quanti-
ties, respectively. The drag model presented by Benyahia
et al. (2006) is used in this work to account for the gas–
solid interactions.
The governing equations for mass, momentum, species
composition, and granular and molecular temperature are
given in Table 1. More detailed descriptions of the model
and solution methods can be found in Lindborg et al.
(2007) and Lindborg and Jakobsen (2009).
Kinetic models
Xu and Froment (1989) presented a three-reaction model
for SMR reactions:
CH4 þ H2O , CO þ 3H2 DH298 ¼ 206 kJ=mol ð7Þ
CO þ H2O , CO2 þ H2 DH298 ¼ 41 kJ=mol ð8Þ
CH4 þ 2H2O , CO2 þ 4H2 DH298 ¼ 165 kJ=mol
ð9Þ
































DEN ¼ 1 þ KCOpCO þ KH2 pH2 þ KCH4 pCH4
þ KH2OpH2O=pH2 ð13Þ
The rate equation for CO2 adsorption by the CaO
sorbent is taken from Sun et al. (2008):
CaO þ CO2 , CaCO3 DH298 ¼ 178 kJ=mol ð14Þ
Ra ¼ dX
dt





The catalytic SMR reactions and the CO2 adsorption by
sorbent take place simultaneously in a bubbling fluidized
bed (BFB) reactor to provide sufficient residence time for
the solid phase. The reactor is a cylinder of 4 m in length
and 20 cm in diameter. The solid particles have diameter of
500 lm and density of 1,500 kg/m3. The parameters used
in the numerical simulation are listed in Table 2. The
velocity profiles and the axial distribution of volume
fraction of solid particles appear in Fig. 1. The velocity
profiles display the heterogeneous structure of the bed and
the non axial symmetric behavior of the solid flow. The
axial distribution of solid phase is close to uniform.
Table 1 Governing equations
Continuity equation for phase k (=c, d):
o
ot akqkð Þ þ r  akqkvkð Þ ¼ 0 (1)
Momentum equation for phase k (=c, d):
o





ot adqdHð Þ þ r  adqdvdHð Þ
  ¼ sd : rvd þr  jdrHð Þ  c  3bHþ b ~v0c  Cdh i þ 32 CkH (3)













¼ r  adkeffd rTd




 þr  acqcvc-c;j
  ¼ r  acqcDeffc;jr-c;j
 	
þ MjRij (6)
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Comparison between SE-SMR and standard SMR
Figures 2 and 3 display the outlet molar fraction of hydro-
gen, methane, and CO2 in gas phase for the SMR and SE-
SMR processes in the BFB reactor. In the SMR results, the
outlet molar fraction of H2 is only 75%, and a lot of CO2 and
CH4 are emitted out of the reactor. However, in the simu-
lations of the SE-SMR process, both the conversion of
methane and the adsorption of CO2 are larger than 99%. In
this case, the amount of CO2 produced in methane reforming
reactions can be considered to be adsorbed totally by the
sorbent, the methane reforming and hydrogen production are
greatly enhanced. Figure 4 shows that the adsorption rate of
CO2 by sorbents is constant until t = 210 s. The sorbent
capacity is large enough for the simulated conditions.
Sorbent capacity and breakthrough
The capacities of calcium-based sorbents (dolomite and
limestone) are usually in the range of 0.3–0.6 g(CO2)/
g(sorbent) (Harrison 2008). On the basis of the results
shown in Fig. 4, the carbonation rate of the sorbent is very
slow under the simulation conditions. It may need much
longer time to complete the carbonation of the sorbent. The
simulations with smaller sorbent capacity were carried out.
Figures 5 and 6 are the simulation results with the sorbent
capacity of 0.05 g(CO2)/g(sorbent).
Figure 5 shows the evolutions of CO2 molar fraction in
gas and mass fraction in solid phases during the SE-SMR
process. When the CO2 mass fraction in the solid phase was
close to the sorbent capacity at the time of 12.5 min, the
CO2 molar fraction in gas phase began to increase rapidly,
then reached a high level of about 0.15 mol/mol and been
kept at this value later, which equals to the CO2 fraction in
the standard SMR process. The molar fractions of hydrogen
and methane in gas phase also changed at the same time as
shown in Fig. 6. The hydrogen fraction dropped to about
0.75 mol/mol, which is near the equilibrium of SMR. Three
stages exist, two stable stages of pre-breakthrough and post-
breakthrough, and one rapidly changed stage of break-
through, which is similar to the experimental results of Han
and Harrison (1994) and Johnsen et al. (2006a).
The rate of CO2 capture by sorbent is almost constant in
the pre-breakthrough as shown in Fig. 5. At this rate, the
breakthrough of the real Ca-based sorbents with the
capacity of 0.3–0.6 g(CO2)/g(sorbent) may start at
75–125 min under the simulated conditions.
Effects of pressure and inlet gas superficial velocity
on the reactions in SE-SMR
The above results show that the methane conversion and
hydrogen production in the SE-SMR process greatly
Table 2 List of numerical parameters
Particle diameter 500 lm
Particle density 1,500 kg/m3
Sorbent-to-catalyst mass ratio 1:4
Reactor size R = 0.1 m, Ht = 4 m
Initial bed height 2 m
Grid cell number 12 9 12 9 80
Time step 1 9 10-4 s
Convergence criterion rmk k\e bk k e ¼ 1010
Fig. 1 Velocity profiles and
volume fraction of solid
particles in a bubbling fluidized
bed reactor (u0 = 0.3 m/s,
T = 848 K, rsc = 5:1,
p = 1 bar)
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depend on the rate of CO2 removal by the sorbent and the
sorbent capacity. When the sorbent capacity was fulfilled,
the rate of CO2 removal decreased rapidly to zero and the
hydrogen molar fraction in gas phase dropped greatly. The
influence of reactor pressure and the inlet gas superficial
velocity are shown in Figs. 7 and 8.
Figure 7 shows that the adsorption rate of carbon dioxide
by sorbents is higher at higher pressure. It is a natural result
of the adsorption process. The CO2 adsorption rate is
increased as the gas superficial velocity increased (Fig. 8)
and maintains constant with the time for the tested values of
gas superficial velocity before the capacity of the sorbent
was exhausted. The kinetic equation (15) for CO2 adsorp-
tion shows that the reaction rate of CO2 adsorption depends
on the partial pressure of CO2 and the specific surface area
of sorbent. At the reactor startup and at lower superficial
velocities, the SMR CO2 production rate is relatively low,
thus the partial pressure of CO2 in the gas phase is low and
only a fraction of the surface area of the sorbent is occupied
by CO2. Under these SMR conditions, the adsorption rate is
low and far from its equilibrium. As a result, the adsorption
rate will increase with the increase of partial pressure of
CO2 at the higher superficial velocities.
Fig. 2 Average outlet molar fraction of hydrogen for SMR and SE-
SMR (u0 = 0.3 m/s, T = 848 K, rsc = 5:1, p = 1 bar)
Fig. 3 Average outlet molar fraction of methane and CO2 for SMR
and SE-SMR (u0 = 0.3 m/s, T = 848 K, rsc = 5:1, p = 1 bar)
Fig. 4 Average mass fraction of CO2 in sorbents for SE-SMR
(u0 = 0.3 m/s, T = 848 K, rsc = 5:1, p = 1 bar)
Fig. 5 The variation of CO2 molar fraction in gas phase and mass
fraction in solid phase with time (u0 = 0.89 m/s, T = 848 K,
rsc = 5:1, p = 1 bar)
Fig. 6 The variation of methane, hydrogen, and CO2 molar frac-
tions in gas phase with time (u0 = 0.89 m/s, T = 848 K, rsc = 5:1,
p = 1 bar)
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Abanades et al. (2004a, b) reported high CO2 capture
efficiencies by CaO were obtained for flue gases at
superficial velocity of 1 m/s. The maximum gas superficial
velocity in our simulations is 0.89 m/s, which is close to
their results but still lower than that one. Figure 9 shows
that the hydrogen fraction in gas phase is near equilibrium
for SE-SMR process before the sorbent breakthrough at the
gas superficial velocity of up to 0.89 m/s. The time for
breakthrough decreased with the increase of the gas
superficial velocity. It is in agreement with the experi-
mental results of Johnsen et al. (2006a).
Effects of steam-to-carbon ratio
Increasing steam-to-carbon ratio results in increasing of
hydrogen production as shown in Fig. 10. The outlet
hydrogen molar fraction in gas phase increases from
0.9614 to 0.9881 as the steam-to-carbon ratio increases
from 3 to 4. Increased hydrogen molar fraction in gas phase
is 2.78%. While the hydrogen molar fraction in gas phase
increases only 0.415% (from 0.9881 to 0.9922) as the
steam-to-carbon ratio increases from 4 to 5. The range of
steam-to-carbon ratio from 3 to 4 is a better choice for
SE-SMR process as proposed by Johnsen et al. (2006b).
After the steam-to-carbon ratio exceeds 4, the steam con-
sumption will increase greatly with only a little increase of
hydrogen production.
Conclusion
The simulation results show that the integration of CO2
sorption into the SMR process can enhance the methane
conversion to hydrogen greatly. Higher hydrogen produc-
tion near equilibrium was obtained in the bubbling fluid-
ized bed reactor. The adsorption rate of CO2 by the CaO
sorbent is fast enough compared with the SMR rate. The
sorbent can completely adsorb the CO2 produced in the
SE-SMR process at the gas superficial velocity up to
0.89 m/s for a long time. The adsorption rate of CO2 is
Fig. 7 Average mass fraction of CO2 in sorbents at different
pressures (u0 = 0.3 m/s, T = 848 K, rsc = 5:1)
Fig. 8 Average adsorption rate of CO2 at different inlet gas
superficial velocities (T = 848 K, rsc = 5:1, p = 1 bar)
Fig. 9 The variation of hydrogen molar fraction in gas phase with
time (T = 848 K, rsc = 5:1, p = 1 bar)
Fig. 10 Hydrogen molar fraction in gas phase under different steam-
to-carbon ratios (p = 1 bar, u0 = 0.3 m/s, T = 848 K)
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higher at higher gas superficial velocity and higher pres-
sure. The best value of steam-to-carbon ratio is about 4 in
considering the balance between higher hydrogen produc-
tion and the lower steam consumption.
Three stages about the sorbent breakthrough were
obtained. Pre-breakthrough and post-breakthrough stages
are stable, breakthrough stage is changed rapidly. The time
for breakthrough decreased with the increase of gas
superficial velocities. The simulated results are in agree-
ment with the experimental results reported in the litera-
tures (Han and Harrison 1994 and Johnsen et al., 2006a).
Desorption of CO2 from the carbonated sorbent is a
necessary additional process for the SE-SMR process to
operate properly. The desorption apparatus will thus
increase the total costs and the energy consumption of the
process plant. On the other side, the heat released by the
adsorption of CO2 may compensate for some of the energy
consumed in the desorption process. Furthermore, the
introduction of CO2 adsorption increased the methane
conversion to near 100%. Hence, the cost for circulation of
un-reacted materials can be saved. Therefore, the increased
plant cost may be associated with the apparatus for
desorption only. Of course, the main purpose of reducing
the emission of CO2 to the air was achieved.
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